Dimensional accuracy is important in fabricating miniaturized product in order to reduce the material waste and machining cost as well as to achieve a better quality product. This paper presents the analysis and modelling of dimensional accuracy in dry micro wire electrical discharge machining with control parameters of gap voltage and wire tension. The investigation was performed on stainless steel using integrated multi-process micro machine tools DT 110 with compressed air as the dielectric fluid and tungsten as the wire electrode. The dimensional accuracy was determined through kerf width differences of the machined slots. The kerf width was measured using scanning electron microscope. Full factorial was used to design the experiment while analysis of variance (ANOVA) was used to analyse the results as well as to evaluate the adequacy of the developed model. Based on ANOVA, both parameters; gap voltage and wire tension have high influence on kerf width differences. The optimum machining parameters for minimum kerf width differences were found to be 85 V gap voltage and 10 % wire tension. The developed model is adequate since the percentage error (2.13 %) is relatively small. It is recommended that different type of gases should be used for further investigation in order to determine the accuracy of the dry micro wire EDM.
INTRODUCTION
The demand in fabricating complex micro parts with high accuracy using electrical discharge machining (EDM) is increasing especially in biomedical, electronics, and aerospace industry [1] [2] [3] [4] . EDM is preferable due to a non-contact machining operation where electrical energy is used to produce a series of discrete sparks between the tool electrode and the workpiece [5] [6] [7] [8] .
EDM offers a precise solution compared to the other traditional machining method, since it can eliminate mechanical stresses, chatter, and vibration during machining [5] [6] . The machining operation is performed in the presence of liquid dielectric; normally mineral oilbased liquid or hydrocarbon liquids. The dielectrics act as a deionizing medium for the electrodes for sparks generation and flushes away the debris from the machining gap [5] [6] , [9] [10] . However, these dielectric fluids have certain drawbacks where it can cause fire hazard, generate toxic and non-recyclable dielectric waste, generate toxic fumes, and pose a health hazard to the operators [11] [12] [13] . Therefore, green manufacturing method is introduced through EDM process where it is known as the dry EDM.
Dry EDM is a method where gas is used as the dielectric fluid instead of the liquid dielectric, which is supplied through a pipe electrode [14] [15] . This dry technique is also applicable for micro fabrication applications for micro level machining process such as dry wire EDM, micro dry EDM, and micro dry wire EDM [15] [16] [17] . Dry wire EDM also known as the wire EDM using dry dielectric fluid is a modification of the oil wire EDM operation where gas is used as dielectric fluid instead of liquid with wire electrode. The high-pressure gas helps to eliminate the debris and avoids excessive heating between the wire and the workpiece at the machining gap [18] [19] [20] [21] [22] . However, this machining method has several shortcomings such as low MRR, poor sharp cutting edge, and high debris deposition [12, 18] . Even though this type of machining operation has some shortcomings, but it also has some advantages; lower tool wear, better surface quality, lower residual stresses, thinner white layer, and higher accuracy [22] . Micro dry wire EDM has the ability to produce finishing cut with high accuracy since the gap distance between the wire and workpiece is narrow and the process reaction force during the machining operation is negligible compared to the conventional wire EDM [23] . Hence, some researchers suggested that dry wire EDM can be utilised for finish cut with high surface quality especially in manufacturing high precision dies and mold. This is because craters with smaller volumes are generated due to low energy intensity of the gases [24] .
Dimensional accuracy of the machined features, which can be affected by kerf width differences (Eq. 1), is one of the critical issues in wire EDM and micro wire EDM operation [24] [25] . Kerf is a width of the machined slots also refers to the amount of the material that is removed during the machining [26] . Kerf and the sparking gap are interrelated to each other in determining the dimensional accuracy of the finishing parts [22] . Compared to the conventional wire EDM, the kerf variations have higher influences on dimensional accuracy in micro wire EDM. This is due to the relative error found in miniature parts produced by the micro wire EDM are bigger than the corresponding values in conventional wire EDM [6, 27] . The kerf variation are usually caused by the wire tool deflection and wire vibrations in the discharge gap are the factors that affect the wire EDM machining accuracy [27] . When higher wire tension is used, lower kerf can be achieved resulted in better accuracy since the wire vibration is less. Nevertheless, wire breakage tends to occur if the wire tension is too high [28] [29] .
It was found that dry micro wire EDM has a high potential in manufacturing miniaturized product with high accuracy and precision. However, a comprehensive study on dry micro wire EDM is still too little to be implemented for the industrial application [26] . Therefore, the objective of this study is to investigate the effect of the process parameters; gap voltage and wire tension; on dimensional accuracy in dry micro wire EDM on stainless steel using compressed air as dry dielectric fluid and tungsten as wire electrode.
METHODOLOGY
The experiments were design using full factorial of two factors with four levels (2 4 ) where the controlled parameters were the gap voltage and the wire tension. The design was replicated twice (2 4 × 2), which concluded into 32 experiments [30] . The replication of the factorial is necessary since it provides information on the error variance and increases the precision for each estimated coefficient [31] . The experiments were conducted on a stainless steel (13 mm × 30 mm × 0.25 mm) using micro wire EDM with multi-process micro machine tools, DT-110 (Mikrotools Inc., Singapore) as shown in Figure 1a . Stainless steel is one of the commonly used materials in fabricating miniaturized parts especially micropillars for cooling purposes in electronic components [32] [33] [34] . Tungsten wire with 70 µm was used as the tool electrode since it has high tensile strength and load-carrying capability [35] . Compressed air [36] was used as the dielectric fluid. The experimental parameters are listed in Table 1 were selected based on the capability of the machine, type of machining material, and tool material [3] .
After machining, the workpiece was cleaned in ethanol for 5 min using an ultrasonic cleaning machine. In order to get the dimensional accuracy, the differences between the kerf width is necessary as shown in Eq. 1. The measurement of the kerf width was determined using the scanning electron microscope (SEM). SEM is a basic type of electron microscope, where it is capable in producing high-resolution (5 nm) three dimensional images in order to study the microstructure morphology of a specimen [37] . The measurement was taken at six different places as shown in Figure 1b . This is because in order to calculate the differences of the kerf width (Eq. 1), average of three measurements were taken at the beginning of the machined slot while average for the other three measurements were taken at the end of the machined slot. Average of the kerf width at the beginning of the machined slot, D, average of the kerf width at the end of the machined slot, d, and kerf width differences are tabulated in Table 2 . Analysis of variance (ANOVA) approach was used to analyse the results and the adequacy of the developed model is confirmed through the statistical features associated with it [31, 38] . (1) where, D = average of the kerf width at the beginning of the machined slot, d = average of the kerf width at the end of the machined slot. 
RESULTS AND DISCUSSION
ANOVA was used to check the adequacy of the developed statistical model. Equation (2) was developed based on the response surface cubic model. Based on Table 3 , the model Fvalue of 13.23 implies that the model is significant. The value of Prob > F less than 5 % indicates the factors v (gap voltage), t (wire tension), vt (gap voltage and wire tension), v tension) are significant [38] [39] . The Prob > F value of 0.0812 for the lack-of-fit indicates that the term is insignificant since the value is larger than 0.05. The insignificant lack-of-fit is desirable because it shows that the model is fitted adequately into the data [30, 38] . Besides that, the variability amount of the mean of the data is presented by R 2 , which is around 0.84. As for the Predicted R 2 , the value is in reasonable agreement with Adjusted R 2 since the difference is within 0.12 [3, 38] . In this case, the signal-to-noise ratio that is expressed through the Adequate precision, 10.029 shows that the signal is tolerable. Hence, through these statistical characteristics, the model seems adequate to predict the behaviour of the dimensional accuracy that is determined by the kerf width differences [3, 38] .
Studentized Residuals
Normal % Probability (2) where, v = gap voltage (V) and t = wire tension (%). Figure 2a and 2b shows the diagnostic test through the normal probability of residual plot and residual versus predicted plot respectively. The residual of the data determines the adequacy of the model when it is normally distributed, unstructured, and with constant variance [38] . Based on Figure 2a , the normality condition is satisfied since the residuals of the data approximately followed the straight-line pattern. As for the residual versus predicted plot (Figure 2b) , the plot is considered adequate since the values are scattered randomly which shows that the variances of the original observations are constant for all values [38] . From the Figure 2 , it is observed that the data are distributed around the straight line that implies the predicted kerf width differences are within the experimental region [38] . Hence, based on these three figures, it is confirmed that the developed model is adequate. The model also has the capability to predict the pattern of the kerf width differences that may lead to a better level of dimensional accuracy [38] . Figure 2d shows the three dimensional plot of kerf width differences with gap voltage and wire tension. Based on the figure, when the wire tension is low the kerf width difference is at the peak (high). This is because the wire vibration is expected to reduce with the increment of wire tension that lead to the reduction of kerf width differences [3, 29] . Besides that, the kerf width difference is at the highest when the gap voltage increases resulted in low dimensional accuracy of the machined slot. This situation occurs due to the wire vibration [40] [41] . This is because, during the machining operation, there are several forces acting on the wire that lead to low dimensional accuracy [40] [41] . The forces are reaction forces from the pressure of the gas bubbles during the erosion mechanism, hydrodynamic forces because of the flushing system, the electrostatic forces that act on the wire, and the electromagnetic forces from the spark generation [24, 40, 42] . Besides that, the increment of the wire vibration may also happen when high discharge energy is used. In this case, one of the factors that affect the discharge energy is gap voltage [24] [25] 40] . However, wire vibration in dry wire EDM considered as minimum compared to the conventional wire EDM. This is because in dry wire EDM the process reaction force is negligible and the gap distance is narrower [22] . Based on the Paschen's law, the breakdown of gas discharges are affected by the pressure and the gap distance between the tool electrode and the workpiece. The electrical discharge is produced due to high electric fields generated in the small gap distance [43] . Since the energy and the plasma pressure generated in gases are low [26] , the wire vibration is also low which leads to better dimensional accuracy.
Optimization and Verification
The ANOVA-based optimization was carried out in order to get optimum values of the parameters for minimum kerf width differences. The minimum kerf width difference was 2.35 µm with 85 V gap voltage and 10 % wire tension. The model was verified by conducting experiment based on the optimized parameters. Based on the experiment, the actual kerf width difference (2.40 µm) is higher compare to the optimized kerf width difference with maximum error of 2.13 %. The percentage error of minimum kerf width differences is relatively small which shows that the developed model is satisfactory.
CONCLUSIONS
The dry micro wire EDM was performed successfully in this study, and open up opportunities in machining high accuracy miniaturized features. ANOVA was used to analyse the influences of the two parameters, gap voltage and wire tension on kerf width differences.
The kerf width differences determine the dimensional accuracy of the machined slots. The following conclusions are drawn from the experimental investigation:
1. The model is adequate to predict the behaviour of the dimensional accuracy. 2. Both parameters; gap voltage and wire tension have strong influence on dimensional accuracy. This is because these parameters affect the wire vibration during the machining operation that determines the accuracy of the machined slot. 3. The model predicts minimum kerf width differences (2.35 µm) when 85 V gap voltage and 10 % wire tension are used. The predicted value and experimental kerf width differences value is within 2.13 % error. The developed model is satisfying since the percentage error is relatively small. 4. The investigation for dimensional accuracy for dry micro wire EDM was not found in the recent literature so it cannot be benchmarked. However, this investigation has been done to ascertain the possibility of dimensional accuracy less than 10 µm level. 5. It is recommended that detail investigation related to the accuracy of the dry micro wire EDM should be performed using different type of gases since according to the Paschen's law, the breakdown of gas discharges are different based on the type of gases used.
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